Structural and physical properties of layered 
oxy-arsenides LnRuAsO (Ln = La, Nd, Sm, Gd) 



Michael A. McGuire, Andrew F. May, Brian C. Sales 

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831 USA 



Abstract 

Polycrystalline samples of LaRuAsO, NdRuAsO, SmRuAsO, and GdRuAsO 
have been synthesized and studied using powder x-ray diffraction, electrical 
transport, magnetization, and heat capacity measurements. Variations in 
structural properties across the series reveal a trend toward more ideal tetra- 
hedral coordination around Ru as the size of the rare earth element is reduced. 
The lattice parameters of these Ru compounds show a more anisotropic re- 
sponse to variation in Ln than their Fe analogues, and significant anisotropy 
in thermal expansion is also observed. Transport measurements show metal- 
lic behavior, and carrier concentrations near 

10 2i_ 10 22 e i ectrons 

per cm 3 are 

inferred from simple analysis of Hall effect measurements. Anomalies in resis- 
tivity, magnetization, and heat capacity indicate antiferromagnetic ordering 
of rare earth moments at 5 K for GdRuAsO, 4.5 K for SmRuAsO, and <2 K 
for NdRuAsO. Magnetization measurements on LaRuAsO show no evidence 
of a magnetic moment on Ru. Observed behaviors are compared to those 
reported for similar Fe and Ru compounds. 
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1. Introduction 



Rare earth transition metal oxy- arsenides adopting the ZrCuSiAs structure- 
type (1111 materials) contain square nets of transition metal atoms coordi- 
nated by arsenic in an edge-sharing tetrahedral geometry jl]. These mate- 
rials, and others containing the same transition metal-arsenic layers, have 
been a main focus of experimental and theoretical studies in the solid state 
chemistry and condensed matter physics communities since the discovery of 
high temperature superconductivity in many materials, primarily containing 



iron, and several structural families 



3|, |4|. A common theme, and perhaps 



necessary condition, for high temperature superconductivity in the iron com- 
pounds is the suppression of magnetism, which is accomplished by chemical 
substitutions or application of pressure. While aleovalent substitution (dop- 
ing) is most common, replacing some Fe with isovalent Ru has been shown 
to produce superconductivity in the family of layered iron arsenides adopting 
the ThCr 2 Si2 structure type (122 materials) [5|, |6j. However, this substitu- 
tion does not produce superconductivity in 1111 materials, although it does 
suppress the magnetism [?], 0, Is]. Indeed, partial replacement of Fe with 
Ru in already superconducting compositions (SmFeAsOi_, c F. E ) decreases the 



superconducting critical temperature 



10] . The response to Ru substitution 



is one of the few striking differences between the behavior of 1111 and 122 
materials. 

The natural extension of these substitution studies is the analysis of the 
pure ruthenium compounds. The 122 materials SrRuoAs2 and BaRu2As2 



have been studied and are diamagnetic metals 



11 



12 



5j. Interestingly, the 



122 phosphide LaRu2P2, with trivalent lanthanum in place of the ususal di- 



2 



valent alkaline earth, is superconducting below 4.1 K [11]. Literature reports 
for LnRuAsO (Ln = lanthanide) are limited to lattice constants 1] and re- 



sistivity for Ln = La and Ce 



13] . A more thorough investigation of the Ru 



materials is important in developing a full understanding of the behavior of 
these interesting chemical systems. 

The current study aims to examine the evolution of structural and ba- 
sic physical properties of some 1111 materials of composition LnRuAsO as 
the lanthanide (Ln) is varied. Full crystal structure refinements at room 
temperature and thermal expansion, heat capacity, electrical transport, and 
magnetic behavior below 300 K are reported for LaRuAsO, NdRuAsO, Sm- 
RuAsO, and GdRuAsO. The results are compared to similar 1111 and 122 
materials containing Fe and Ru. 



2. Experimental Details 

RuAs was made by reacting reduced Ru powder with As pieces in an 
evacuated silica ampoule at 1000 °C and used as a starting material for the 
target compounds. Polycrystalline samples of LaRuAsO, NdRuAsO, SmRu- 
AsO, and GdRuAsO were synthesized from thoroughly ground mixtures of 
RuAs with fresh Ln filings and dry L^O^ powder. The starting materials 
were handled and mixed inside a He glove box. Samples (~ 2 g each) were 
pressed into 1/2 inch diameter pellets and placed in covered alumina cru- 
cibles inside silica tubes. The tubes were evaculated, back-filled with ~0.2 
atm of ultra-high-purity Ar, and flame sealed. The samples were heated at 
1200-1250 °C for 12-36 hours several times, and were ground and pelletized 
between the heating cycles. Surface contamination from reaction with vapor 



3 



from the SiC>2 tubes was removed at each step. 

Powder x-ray diffraction (PANalytical X'Pert Pro MPD, monochromatic 
Cu-Kai radiation) was used to determine phase purity and refine the crystal 
structures using the program Fullprof fl4]. Low temperature powder diffrac- 
tion was performed with an Oxford Phenix closed-cycle cryostat. A Quan- 
tum Design Physical Property Measurement System was used for transport 
and heat capacity measurements, and a Quantum Design Magnetic Prop- 
erty Measurement System SQUID magnetometer was used for magnetization 
measurements. 

Room temperature Rietveld refinements are shown in Figure [U and in- 
dicate all samples are > 90 % pure. Impurities including Ln 2 3 and RuAs 
were observed in the samples with Ln = La, Nd, and Gd; however, no sig- 
nificant impurity peaks were observed in the SmRuAsO sample. Agreement 
factors for the fits ranged from R p = 2.9-7.1, R wp = 3.7-10.1. x 2 — 1-5-2.2. 

3. Results and Discussion 

3.1. Structural properties 

These materials adopt the ZrCuSiAs structure type shown in Figure [2h, 
with Ln and As at Wyckoff positions 2c (4 \ z), Ru at 2a (| \ 0), and O 
at 2b (| | |). Room temperature structural parameters are listed in Table 
[TJ The lattice constants are in good agrement with the original report of 
these materials, and reflect the expected lanthanide contraction, as previously 



noted 



1|. Table[T] also lists refined atomic positions za s and zi n , which have 



not been previously reported. 
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Figure 1: Reitveld refinement of room temperature powder x-ray diffraction data. Mea- 
sured intensities are shown as circles, calculated intensities as grey lines, and difference 
curves as black lines. The upper set of ticks in each panel correspond to the main phase. 
Middle and lower ticks in (a,b,d) represent L712O3 and RuAs, respectively. 
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Table 1: Room temperature lattice constants and z-coordinates for the Ln and As positions 
from powder x-ray diffraction. Uncertainties on the last digit of refined parameters are 
listed in parentheses, and are those reported by the refinement program (Fullprof). Hall 
coefficient (Rh) measured at 2 K. Effective moment (Me//) ; Weiss temperature (9), and 
Neel temperature (Tjy) for compounds with magnetic rare earth elements determined from 
temperature dependent magnetization and heat capacity measurements. 



LaRuAsO NdRuAsO SmRuAsO GdRuAsO 



a(A) 


4.11954(2) 


4.07259(2) 


4.05194(3) 


4.03632(3) 


c(A) 


8.49128(5) 


8.28808(6) 


8.19367(8) 


8.12406(7) 


ZLn 


0.1409(1) 


0.1379(1) 


0.1358(1) 


0.1342(1) 


ZAs 


0.6521(2) 


0.6588(2) 


0.6626(2) 


0.6649(2) 


Veff M 




3.5 




8.2 


0(K) 




-14 




-20 


T N (K) 




< 2 


4.5 


5.0 


p 2K 


-3.1 x 10~ 3 


-1.9 x lO" 3 


-8.2 x 10~ 4 


-3.2 x 10" 4 


(cm-yc) 
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Based on the full structure refinements, the evolution of interatomic dis- 
tances and angles can be examined as Ln is varied. Selected distances and 
angles are plotted in Figure [2j As expected, the Ru-As distance is least sen- 
sitive to the identity of Ln (Figure E^,), changing by less than 0.4 % across 
this series. The Ln-As and Ln-0 distances (Figure [2h) increase smoothly 
as the Ln ionic radius increases. Figure [2b shows the two As-Ru-As bond 
angles, as defined in the inset of Figure [2k. The observation that a > (3 
indicates that the As tetrahedron around Ru is compressed along the c-axis. 
As the Ln radii is decreased along the series from La to Gd, a decreases and 
j3 increases, moving toward ideal tetrahedral coordination. It is interesting 
to note that a strong correlation between these angles and superconducting 
critical temperatures has been observed in the related Fe compounds, where 
the highest critical temperatures occur when the tetrahedra are closest to 



ideal 



15 



16]. 



A systematic structural study of the analogous Fe compounds using single 
crystal x-ray diffraction results has been reported [it]]. Comparison with 
Table [T]and Figure [2] shows that the same structural trends exist in LnFeAsO 
and LnRuAsO. In the Fe compounds, all the interatomic distances are shorter 
than those in the corresponding Ru analogues. Ln-As and Ln-0 distances in 
the Fe compounds are shorter by about 0.3-0.4 and 0.2 A for the lanthanides 
studied here. This reflects the compression of the overall structure when Ru 
is replaced by smaller Fe, and is often referred to as chemical pressure. The 
Fe-As distances in LnFeAsO vary from 2.412 to 2.392 A from Ln = La to 
Gd, showing a much stronger dependence on Ln than the Ru-As distances in 
Figure [2] which vary by less than 0.01 A across the same series. These results 
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suggest that the Ru compounds are in some sense less compressible than the 
Fe analogues, at least in the afr-plane. This may indicate the RuAs layers 
are stiffer than the FeAs layers due to increased Ru-Ru repulsion between 
the larger Ru atoms. This is consistent with the changes in lattice constants 
across the Ln series. From LaRuAsO to GdRuAsO a changes by 2.0 % 
and c by 4.3 %. From LaFeAsO to GdFeAsO a changes by 2.9 % and c by 
3.2 %. The LnRuAsO lattice response is much more anisotropic than that 
of LnFeAsO, and it is stiffer in the a direction than in c. In addition, the 
tetrahedral coordination around Ru (Figure |2b) i s sig nificantly more flattened 



17j , also pointing to Ru-Ru 



along c than that found around Fe in LnFeAsO 
repulsion in the afr-plane. Finally, it is interesting to note that the deviation 
from a linear trend in Ru-As distance at Ln = Nd in LnRuAsO (Figure 
[2k) is also seen in LnFeAsO although its origin and significance remain 
unclear. 

The temperature dependence of the lattice parameters and unit cell vol- 
ume between ~20 and 300 K are presented in Figure [3j The data are nor- 
malized to 300 K values. All four compounds show similar volume thermal 
expansion behavior. A small divergence in AV/V among materials occurs 
at the lowest temperatures, but no simple relationship to the composition is 
observed. The temperature dependence of the lattice constants shows strong 
anisotropy in all materials, with c changing more rapidly than a. This reflects 
the layered nature of the crystal structure which contains covalently bonded 
RuAs layer extending in the a6-plane, and is consistent with the trends in lat- 
tice constant with Ln at room temperature discussed above. The magnitude 
of this anisotropy ([Ac/c] / [Aa/a]) depends strongly on the composition, 
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2.435 



< 2.430 




Ln + ionic radii (A) 



Figure 2: Structural parameters of LnRuAsO plotted as a function of the ionic radius of 

n, 

Ln 3+ in eight-fold coordination 18]. (a) Ru-As distance, with the structure shown in the 
inset, (b) Ln-As and Ln-0 distances, (c) Coordination angles around Ru as defined in 
the inset of (a). The two angles are not independent due to the Ru site symmetry (-4m2). 
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and reaches a value of 1.4, 2.2, 2.9, and 1.7 at 20 K for La, Nd, Sm, and 
Gd, respectively. The reason for the maximum for SmRuAsO is not clear. 
However, among the lanthanides studied here Sm does possess two unique 
properties: (1) a tendency toward mixed-valent behavior (Sm 2+ / 3+ ), (2) two 
low energy, closely spaced magnetic configurations in the trivalent state (J 
= 5/2, 7/2). These can be expected to affect the temperature dependence 
of physical and structural properties. It is interesting to speculate whether 
this increased "flexibility" of Sm could be the reason that the SmRuAsO 
synthesis produced the cleanest sample (Figured]). 

3.2. Physical properties 

Results of magnetization and electrical resistivity measurements are shown 
in Figure HI Magnetism in these compounds is dominated by the rare-earth 
element. The very small and nearly temperature independent susceptibility 
of LaRuAsO suggest that Ru does not have a local magnetic moment in these 
materials. The small upturn at low temperatures corresponds to an effective 
moment of 0.09 fis per formula unit, and is likely due to magnetic impurities. 

The magnetic susceptibility (x) has a cusp at low temperatures for Sm- 
RuAsO and GdRuAsO, and displays Curie- Wiess (CW) behavior at higher 
temperatures. NdRuAsO shows CW behavior over the entire temperature 
range investigated. Effective moments (/i e //) and Weiss temperatures (9) de- 
termined from CW fits to the data from 50-300 K are listed in Table [TJ The 
usual CW model is not sufficient for fitting the susceptibility data for SmRu- 
AsO. This is not surprising since Sm 3+ is known to have closely space energy 
levels with different magnetic moments and strongly temperature dependent 
populations in the temperature ranges studied here. Effective moments in 
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Figure 3: Temperature dependence of (a) the unit cell volume (V) and (b) the lattice 
constants a (solid symbols) and c (open symbols) determined by powder x-ray diffraction 
and normalized to values at 300 K. Uncertainties based on the Rietveld fitting are smaller 
than the data markers. 
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Tabled] are consistent with the free ion values of 7.94 /i# for Gd 3+ and 3.62 
for Nd 3+ , and similar to previous reports for the relevant Fe-compounds Nd- 
FeAsO (3.60 \i B |19j) and GdFeAsO (7.83 \i B [2o|). Weiss temperatures are 
negative, indicating antiferromagnetic interactions, and the cusps in x(T) 
near 5 K for SmRuAsO and GdRuAsO are attributed to antiferromagnetic 
ordering of rare earth moments. No evidence of magnetic ordering of Nd 
moments is observed above 2 K. 

Electrical resistivity measurements (Figure St) indicate metallic behavior 
ot these materials, similar to previous reports for LaRuAsO [13j, CeFeAsO 



3 



SrRu2As2 



12], and BaRu2As2 [12j]. The magnitude of the resistivity (p) 



at room temperature decreases across the series from La to Gd. The inset in 
Figure Hfc shows the effect of the magnetic ordering on the electrical resistiv- 
ity in SmRuAsO and GdRuAsO. Reduced spin-disorder scattering below the 
transition is expected to be responsible for the decrease in p. Hall coefficients 
(Rh) measured at 2 K are listed in Table [TJ The values are negative, indicat- 
ing conduction dominated by electrons, and the magnitude decreases from Ln 
= La to Gd. Carrier concentrations (tih) inferred from these Hall coefficients 
from the simple one band formula Rh = 1/njje range from 2 x 10 21 cm -3 
for LaRuAsO to 1 x 10 22 cm~ 3 for GdRuAsO. The inferred carrier concen- 
trations trend with the resistivity values near room temperature, and imply 
Hall mobilities of about 1-2 cm 2 /Vs at room temperature. 

To confirm the bulk nature of the magnetic phase transitions, heat ca- 
pacity measurements were performed. The results are shown in Figure |5j 
Sharp anomalies are observed at the ordering temperatures for SmRuAsO 
and GdRuAsO. An upturn below about 4 K in the NdRuAsO data suggest 
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50 100 150 200 250 300 



T(K) 

Figure 4: (a,b) Temperature dependence of the magnetic susceptibility (x = M/H) 
per mole of formula units (note the different y-axis scales). The insets show the data 
for GdRuAsO (a) and SmRuAsO (b) near their Neel temperatures, (c) Temperature 
dependence of the resistivity (p) with the low temperature behavior for SmRuAsO and 
GdRuAsO in the inset. 
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the Nd magnetic moments may undergo a long range ordering transition near 
or below 2 K. NdFeAsO shows similar heat capacity behavior in this temper- 
ature range, with Nd moments ordering near 2.1 K [21]. A small anomaly 
is observed near 11 K in the NdRuAsO heat capacity data (Figure [5]). Al- 
though this may be intrinsic, it is perhaps more likely due to the presence of 
a very small amount of NdAs, which has magnetic phase transition near 11 
K with a large heat capacity anomaly [22]. Based on the heat capacity data 
along with the resistivity and magnetic susceptibility results in Figure H] the 
antiferromagnetic ordering temperatures (TV) are estimated to be 4.5 K for 
SmRuAsO and 5.0 K for GdRuAsO (Tabled]). These are close to the rare- 
earth ordering temperatures in the related Fe materials: 4.1 K for GdFeAsO 



23j and 5-6 K in SmFeAsO 

The entropy change associated with the magnetic ordering in SmRuAsO 
and GdRuAsO can be determined by the integral J dTc™ ag /T. The magnetic 
heat capacity c™ ag is estimated by subtracting the heat capacity of LaRu- 
AsO for the total heat capacity. Integrating up to T = 15 K gives an entropy 
per mole of lanthanide of 5.4 J/K 2 /mol for SmRuAsO and 16.2 J/K 2 /mol 
for GdRuAsO. The value obtained for GdRuAsO is close to RZn(8) = 17.3 
J/K 2 /mol expected for J — |. The experimental value is likely underes- 
timated due to the large value of cp remaining at the lowest temperature 
investigated here (Figure [5]). For SmRuAsO, the entropy value is close to 
RZn(2) =5.8 J/K 2 /mol. This result is somewhat surprising, since J — ~ 
is expected for the ground state of Sm. However, similar values have been 
obtained for SmFeAsO i_ x F x and attributed to crystal field splitting which 
results in an J = | state at the lowest temperatures [21 ] . 
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Figure 5: Temperature dependence of the heat capacity per mole of formula unit below 
100 K. The upper inset shows the sharp anomalies occurring in SmRuAsO and GdRu- 
AsO at the magnetic ordering temperatures, and an upturn at the lowest temperatures 
for NdRuAsO suggesting ordering below 2 K. The lower inset shows cp/T vs. T 2 for 
LaRuAsO, and the linear fit used to determine the electronic heat capacity coefficient. 
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For LaRuAsO, the electronic specific heat coefficient (7) and the Debye 
temperature {9d) can be determined from the plot of cp/T vs. T 2 shown in 
the lower inset of Figure |5j Assuming cp = 7T + /3T 3 at low temperature, 7 
= 2.2 mJ/K 2 /mol-F.U. or 0.55 mJ/K 2 /mol-atom is obtained. This is not a 
very high value, suggesting electron correlations are weak in these materials. 
The Debye temperature determined from (3 is 330 K. These values can be 
compared to those reported for BaRu2As2 (7 = 0.98 mJ/K 2 /mol-atom, 9d 
= 271 K) and SrRu 2 As 2 (7 = 0.82 mJ/K 2 /mol-atom, 9 D = 271 K) [12]. 



4. Summary 

The present study of the structural and physical properties of the Ru- 
based 1111 materials LnRuAsO (Ln = La, Nd, Sm, Gd) allows some in- 
teresting comparisons with isostructural and isoelectronic LnFeAsO series. 
Structural differences include increased distortion of the transition metal co- 
ordination environment, and increased anisotropy in the response of the lat- 
tice to changing Ln ionic radii. Both observations may be related to Ru-Ru 
repulsion in the afr-plane. Results of magnetization and heat capacity mea- 
surements indicate antiferromagnetic ordering of Ln magnetic moments at 
5.0 K in GdRuAsO, 4.5 K in SmRuAsO, and below 2 K in NdRuAsO, similar 
to values reported for Fe analogues. Evidence of the magnetic transitions in 
SmRuAsO and GdRuAsO is seen in the electrical resistivity. Together, resis- 
tivity and Hall effect measurements indicate metallic conduction dominated 
by electrons. No clear sign of Ru magnetism is observed in LaRuAsO, and 
analysis of low temperature heat capacity data suggest weak electron corre- 
lations in these materials. Estimates of entropy associated with the magnetic 
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phase transitions give values close to Rin(2) for SmRuAsO and R/n(8) for 
GdFeAsO. 

Research sponsored by the Materials Sciences and Engineering Division, 
Office of Basic Energy Sciences, U. S. Department of Energy 
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